Pathophysiologic parameters of the functional neovasculature and the blood-brain barrier of 9L-glioma in rat brain were measured noninvasively by dynamic tH magnetic resonance imaging studies of gadolinium (Gd)-DTPA uptake. Changes of apparent [Gd-DTPAJ uptake in time (CT[tJ) were analyzed in a slice through the center of 10 9L-gliomas using fast T 1 measurements. The distribution of the contrast agent was spatially correlated with the distribution of perfused mi crovessels as determined by immunohistochemical analysis.
In malignant glioma, the disruption of the blood-brain barrier (BBB) has been ascribed to a high degree of neovascularity with abnormal endothelium (Schmiedl et aI., 1992) . In the context of therapy, information on these pathophysiologic features plays an important role. For instance, blood perfusion and BBB permeability are of major importance for the delivery of anticancer agents during chemotherapy. Moreover, an important factor in the outcome of radiation therapy is the local oxygen tension in' tissue, which is determined by the microvas cular blood supply (Denekamp, 1993; Jain, 1987 Jain, , 1988 . take rates were spatially related to the perfused microvessel density (N p ) or vascular surface area (S p )' In tumor voxels with perfused microvessels, a linear correlation was found between Gd-DTPA uptake rate constants (k values) and N p or S p . No correlation was observed between k values and the total mi crovessel density. These are the first data that show a relation between Gd-DTPA uptake rates and parameters of the func tional neovasculature in 9L-glioma growing in rat brain. Now that Gd-DTPA uptake studies can be related to parameters of the functional neovasculature, they may be used more effi ciently as a prognostic tool before or during therapy. Key Words: Fluorescence microscopy-Gadolinium uptake rates-9L-Glioma-Magnetic resonance imaging-Perfused vascular architecture.
In most tumors, only 20% to 80% of the microvessels are perfused at a given time (Bernsen et aI., 1995) , which results in considerable spatial and temporal heterogene ity of microcirculation. Therefore, techniques that reveal the spatial and temporal heterogeneity of the tumor mi crocirculation will help in the development of new treat ment strategies and may predict treatment outcome. Fast dynamic 1 H magnetic resonance imaging (MRI) studies of the uptake of the clinical contrast agent gad olinium (Gd)-DTPA have the potential to measure fea tures of the perfused microvascular architecture with a high spatial and temporal resolution. Most microvessels in high-grade gliomas, which are derived from angiogen esis, are permeable to this low-molecular-weight contrast agent (Mw = 583). Hence, tumor regions with dense neovasculature are expected to enhance rapidly in MR images after its administration. The uptake rate of Gd DTP A in tumor tissue has been related to the permeabil ity surface area product (Larsson et aI., 1990; Tofts and Kermode, 1991) . Further, different groups have tried to validate Gd-DTPA-enhanced l H-MRI as a method of assessing microvessel density in tumors, but in most re ports poor correlations were found (Buadu et a!., 1996; Buckley et al.; , Hulka et aI., 1995 . Several factors may contribute to this mismatch. First, it was not possible to correlate microvessel density spatially with Gd-DTPA uptake rates, because Gd-DTPA-enhanced MRI was not used to guide the biopsy of surgical speci mens. Second, the applied microvessel density technique (Weidner et aI., 1991 ) evaluates all microvessels, whereas dynamic Gd-DTPA-enhanced MRI senses only functional microvessels.
To improve correlation studies between the spatial dis tribution of Gd-DTPA in tumor slices or the uptake rate of Gd-DTPA monitored by I H-MRI and parameters of the functional microvascular architecture, we have de veloped an immunohistochemical method that permits us to distinguish between perfused and nonperfused mi crovessels van der Sanden et a!., 1997) . This is crucial in tumors where only a small percentage of the microvessels are perfused at a given time . The aim of this study is to examine whether a spatial correlation exists between local Gd-DTPA levels and the two-dimensional distribution of perfused microvessels, and between Gd DTP A uptake rates and morphometric parameters of the perfused vascular architecture, such as the perfused mi crovessel density (N p ) and vascular surface area (S p )' The perfused vascular surface area has been suggested to determine Gd-DTPA uptake rates in perfused tumor re gions together with other physiologic parameters, such as tumor blood perfusion (TBP) and microvessel perme ability (Larsson et �I., 1990; Tofts and Kermode, 1991) .
As a brain tumor model, we used 9L-gliomas growing in rat brain. The changes of the apparent Gd-DTPA con centration in tumor tissue as a function of time (CT[t]) were determined using a fast dynamic MRI T I -weighted sequence (Rozijn et aI., 1998) . Next, pharmacokinetic models were fitted to CT(t) curves to estimate Gd-DTPA uptake rates or k values or per voxel (k map) (Larsson et aI., 1990; Rozijn et a\., 1998; Tofts and Kermode, 1991) . The distribution of apparent Gd-DTPA concentrations in MR slices and k maps was spatially correlated with im munohistochemical images showing the two dimensional distribution of perfused microvessels, the total vascular bed, chronically hypoxic cells (Kennedy et aI., 1997) , and necrotic regions in whole tumor sections at comparable locations to the MR slices. In MR voxels containing functional microvessels, the morphometric parameters of the perfused vascular architecture were related to Gd-DTPA uptake rates. 
METHODS

Animal model
MR measurements
MR experiments were performed on a home-built spectrom eter (6.3 T) using a single tuned I H-resonator with a diameter of 3 em, well adapted to the rat head. Before the start of Gd DTP A uptake measurements, the tumor location and size were determined in coronal, sagittal, and transverse slices using a SNAPSHOT TI method (Deichmann and Haase, 1992) with an interleaved EPI imaging sequence (Rozijn et aI., 1998) . One SNAPSHOT TI experiment consisted of 12 images obtained in 300 milliseconds, each with a t1ip angle of 5°, a time resolution of 3.6 seconds, repetition time = 20 milliseconds (per inter leaf), TE = 7 milliseconds, field of view = 30 x 30 mm, resolution 90 x 90 pixels (6 echoes, 15 interleaves), and slice thickness = 2 mm. Tn this study, the T I relaxation times of water I H -spins in tumor regions were longer than in normal brain tissue: thus, tumor regions were clearly delineated in T I maps in transverse slices through the whole brain. Next, in a transverse slice through the center of the tumor, the homoge neity of the local B,,-field was optimized. The uptake of Gd DTPA was measured in this slice using the SNAPSHOT TI method mentioned above. An effective T I value (T I *) is ob tained using this sequence (Deichmann and Haase, 1992) . The
Gd-DTPA uptake experiment involved IS TI* maps before the bolus injection (T 10 *) and 40 T I * maps after the bolus injection (Rozijn et aI., 1998) .
Measurements of Gd-DTPA uptake rates are also possible with T I-weighted fast MRI sequences (Barentsz et aI., 1996; Furman-Haran et aI., 1997; Hittmair et aI., 1994) , but these results are less accurate than those obtained with the fast T I method. For instance, changes of signal intensities in T 1weighted fast MR images depend on the pulse angle a (and thus on radio frequency inhomogeneity), the MR sequence (repetition time, radio frequency spoiling), and the T I ' T 2 0 and T 2 * relaxation times. In reference experiments, the T 2 and T 2 * relaxation times differed from those in the experiments after the Gd-DTPA injection, based on the time after injection. How ever, the calculation of apparent Gd-DTPA concentration changes using T I maps before and after tracer administration is independent of the previous acquisition parameters and T 2 and T 2 * relaxation times (Rozijn, 1998) .
MR data analysis
Gd-DTPA uptake rate constants (k, sec-I ) per voxel (k map)
were obtained by the following three steps (Rozijn et aI., 1998) . depends on different tissue parameters (Rozijn et ai., 1999; Strich et ai., 1985) . These tissue parameters were unknown; thus, only apparent Gd-DTPA concentration maps could be calculated, which was sufficient in this study.
Finally, a k map was obtained after fitting the pharmacoki netic model of Larsson (Larsson et ai., 1990; Rozijn et ai., 1998) to CT(t) curves per voxel (see Appendix). The Powell minimization method was used for the least-squares nonlinear fitting (Press et ai., 1992) . x 10-4 (SD) and A/A 2 = 2.35 ± 0.2 (SD). Comparable values for the parameters of the arterial input function in the carotid artery of rats were found by Wedeking and associates (1990) for six rats, indicating that these parameters are constant within acceptable margins for different rats.
In the study of Rozijn and colleagues (1998) , the effect of the bolus passage on estimates of uptake rate constants was ana lyzed. A mean bolus passage was measured in a transverse slice through normal rat brain at a comparable location to the 9L gliomas in this study. When the bolus passage was included in the C p (t) function, estimates of tracer uptake rate constants became inaccurate. These constants were not significantly dif ferent from estimates of k values when the bolus passage was not included. Therefore, the first data points of the CT(t) curves that coincided with the bolus passage were omitted before fit ting the curves.
Fluorescence microscopy
In complete transverse tumor sections, morphometric analy sis of the total vascular bed, perfused microvessels, hypoxic and necrotic areas, and the extracellular volume in viable re gions was performed using a computer-controlled digital image analysis system connected to a fluorescence microscope.
One day after the MR measurements, markers for the detec I minute, respectively, before the rats were killed. One minute after injection of the Hoechst fluorescent perfusion marker, rats were killed by cervical dislocation. After excision of the brain, the right hemisphere of the brain that did not contain tumor tissue in all cases was removed. Next, a transverse section was made that contained the entire tumor. T 1 * maps after Gd-DTP A injection were used to localize the tumor in the brain. Tumor tissue sections were processed in three steps. First, the perfused microvessels (Hoechst) were analyzed, followed by immunohistochemical staining of hypoxic areas and the en dothelium of all microvessels. The distribution of necrotic areas and extracellular volume were evaluated separately. After each staining step, sections were scanned using an extended version of the digital image analysis system as described by Rijken and colleagues (1995) . After processing all fields of each scan, a composite image was reconstructed from the individually pro cessed fields, revealing the different structures. If the compos ite images of the tumor sections obtained after each step were combined, then the new matched image showed the two dimensional distribution of perfused microvessels, hypoxic ar eas, and the total vascular bed simultaneously.
Finally, the fluorescent rim of the Hoechst dye around per fused microvessels resulting from diffusion into adjacent tissue was deleted by image processing. Thus, the perfused surface area of microvessels was not overestimated.
Data analysis
Matching ofC T maps with immunohistochemical images. For further analysis, an MR lattice was generated consisting of voxels with a spatial resolution four times lower than in original CT maps using IDL software (the new voxel volume was approximately I mm3). In a further study, the two dimensional distribution of the [Gd-DTPA] in tumor slices will be spatially correlated with the distribution of metabolites as measured by spectroscopic imaging; therefore, the spatial reso lution of both experiments was tuned. In addition, the spatial correlation between k values and morphometric parameters in large voxels was less sensitive to a mismatch than in small voxels.
Subsequently, each voxel of the MR lattice was labeled.
With help from the representative immunohistochemical im ages, different categories of voxels were assigned, as follows:
Pr: voxels with perfused microvessels at the rim of the tumor P: voxels with perfused microvessels inside the tumor PH: voxels with perfused microvessels and hypoxic areas in correlations between these morphometric parameters and Gd DTPA uptake rate constants (k map) were analyzed. The latter is important because CT(t) curves were fitted to pharrnacoki netic models with parameters such as TBP and the permeability x S p product, which are defined only in voxels with perfused microvessels. Voxels of category Pr were not included because a large-volume fraction in these voxels coincided with "nor mal" brain tissue.
Estimates of perfused micro vessel density, perfused mi crovessel length density, and total perfused surface area. For each voxel of category P and PH, the following four morpho metric parameters were estimated: (Adair et al., 1994) . V d = Ve -V v and is assumed to be a maximum estimate of the Gd-DTPA distribution volume in in vivo studies because some cell shrinkage may occur during the quick-freeze of tumors.
RESULTS
Matching of CT maps with immunohistochemical images
An example of this matching for a tumor is shown in Fig. I . The CT maps obtained 1 minute after bolus in jection of Gd-DTPA were matched with an immunohis tochemical image showing the two-dimensional distribu tion of perfused tumor microvessels, the total microves sel bed, and hypoxic regions. In all tumors a positive correlation was observed between the distribution of the apparent Gd-DTPA concentration and the perfused mi crovessel distribution. Tumor regions with no Gd-DTPA uptake appeared to be chronically hypoxic or necrotic. Necrotic areas were found in regions enclosed by hyp oxic cells. In Fig. 2 , details of conventional staining with eosin (cytoplasm) and hematoxylin (nuclei) are shown, as well as immunohistochemical stainings. Dif ferent cell structures and tumor regions were clearly distinguished. At a certain distance from a perfused microvessel, chronically hypoxic cells appeared, and beyond these hypoxic cells the onset of necrosis was observed.
Immunohistochemical images were used to assign dif ferent voxel categories. Fig. 3A is a detail of an immu noJ:1istochemical image that was overlaid with an MR lattice as determined after matching with a CT map. All voxel categories are represented. Next, a pharmacokinet ic model proposed by Larsson and associates (1990) was fitted to a CT(t) curve in voxels with perfused microves sels, resulting in a k map (see Fig. IB ). Fig. 3B is an example a fitted CT(t) curve as measured in a well perfused voxel of category P.
Correlations between Gd-DTPA uptake rates and parameters of the perfused vascular architecture
With the help of immunohistochemical images, only voxels containing perfused microvessels (categories P J Cereb Blood Flow Metab. Vol. 20. No.5, 2000 and PH) were selected for a comparative study between kLarsson values and parameters of the perfused vascular architecture (Figs. 4 and 5) . In previous studies, Gd DTP A uptake rates were related to the microvessel den sity (Hulka et aI., 1995 (Hulka et aI., , 1997 ). In our study, it appeared that Gd-DTPA uptake rates or kLarsson values (sec-I ) have no clear relation with the microvessel density (per fused and nonperfused vessels, N) in voxels of category P and PH in transverse slices through the center of 10 9L-gliomas (see Fig. 4A ). However, a linear relation was found between kLarsson values and the density of all per fused microvessels (N p ) (see Fig. 4B ).
In the next step, analysis of the perfused vascular den sity was extended to estimates of the perfused vascular surface area per voxel (S p )' The latter parameter is ex pected to have a stronger correlation with Gd-DTPA up take rates, when TBP is much larger than the PS p product (see definition of kTofts in Appendix). Before S p can be calculated, the length density (L p , mmlmm 3 ) per voxel was estimated using a stereologic algorithm (Adair et aI., 1994) . The length density is comparable to the perfused microvessel density N p when microvessels are arranged parallel to each other and perpendicular to cross sectional areas of the voxels (Adair et aI., 1994) . If the microvessels are bent and twisted throughout the voxel volume, then L p is always larger than N p • In tumor vox els of category P and PH of all 9L-gliomas, the following linear correlation was found after least-squares regres sion analysis (n = 86, R 2 = 0.95): L p = (4.6 ± 0.3
[SD]) x N p . The large slope value (> 1) indicates that perfused microvessels were tortuous in the different voxels. Finally, the perfused length density (L p ) and a median radius of all perfused microvessels (r) in the five tumor sections per -MR voxel were used to estimate the per fused vascular surface area density (S p ) in P and PH voxels_ The kLarsson values were found to be linearly related to the estimated perfused surface area density (S p ) (see Fig_ 5). This correlation was slightly better than the correlation between Gd-DTPA uptake rates and the per fused microvessel density (N p ), as shown in Fig. 4B The median radii, which were used for the estimates of S p , varied from 3.6 to 6_5 /-Lm-The distribution of the perfused microvessel radii was not homogeneous, but the percentage of radii more than twice the median radius did not exceed 5%. Thus, significant groups of large microvessel radii were not observed and are not expected to influence the S p estimates considerably .
DISCUSSION
Many forms of anticancer therapy are influenced by the poor functional vasculature in solid tumors (Denekamp, 1993) _ Therefore, noninvasive measure ments of the physiologic and morphologic parameters of the functional neovascular architecture is important in tumor prognosis (Bosari et aI., 1992; Gasparini and Har ris, 1995; Weidner et aI., 1996) and the evaluation of treatment efficacy (Barentsz et aI., 1998; Furman-Haran et aI., 1996; Kennedy et aI., 1994) . Fast dynamic ' H MRI studies of the uptake of the contrast agent Gd-DTPA in tumor tissue have the potential to provide insights into the distribution of perfused microvesse1s in tumor tissue, the perfused vessel density, and the vascular surface area_ Before dynamic Gd-DTPA-enhanced MRI can be recognized as a valid noninvasive technique for the analysis of functional microvessels, however, it needs extensive comparison with other techniques.
In the present study, Gd-DTPA uptake rate constants were compared with immunohistochemical analysis of the morphometric parameters of the perfused vascular architecture. The immunohistochemical analysis, which was applied after the MR experiments, seemed to detect nearly all functional microvessels, because in nonper fused regions chronically hypoxic cells (diffusion limited oxygen supply) and necrotic areas were detected_ Therefore, the immunohistochemical method allows a proper evaluation of the functional aspects of tumor mi crocirculation. Further, whole-tumor sections were ana lyzed using a computer-controlled image-processing sys- tern connected to a t1uorescence microscope (Rijken et aI., 1995) . In this way, the reproducibility of the immu nohistochemical analysis was improved and the quanti fication of morphologic parameters was independent of the pathologist's choice of tumor region. The distribution of apparent Gd-DTPA concentrations in whole transverse tumor slices was found to be spa tially correlated with the two-dimensional perfused mi crovessel distribution in a representative tumor section of that slice. This indicates that most microvessels had a disrupted BBB, which allowed Gd-DTPA and the Hoechst t1uorescent perfusion marker to diffuse across the neovascular endothelium. Gd-DTPA uptake rates were found to be linearly related to the perfused mi crovessel density and the perfused microvessel surface area in voxels containing perfused microvessels. The lin ear relation between Gd-DTPA uptake rates and the per fused vascular surface area indicates that the Gd-DTPA uptake rate is not affected by variations in vascular per meability or TBP. In the present study, the molecular weight of Gd-DTPA was probably not large enough to discriminate between tumor microvessels with a more or-less leaky BBB; the BBB of all microvessels was highly permeable to Gd-DTP A. The heterogeneity of the BBB permeability may be assessed by contrast agents with a molecular weight larger than 20 kD (Artemov and Bhujwalla, 1997; Demsar et aI., 1997; Su et a!., 1995) .
In previous fast dynamic MRI studies of the Gd DTP A uptake, two different pharmacokinetic models were used to analyze changes in the apparent Gd-DTPA concentration in time: the multicompartment model of Tofts and Kermode (1991) and the single-capillary model of Larsson and associates (1990) . If the tumor blood perfusion is much larger than the diffusive trans port across the BBB, then the kLarsson may be approached by the Gd-DTPA uptake rate constant, as defined by Tofts and Kermode (kTof t J (Larsson and Tofts, 1992; Degani et aI., 1997) . The uptake rate constant kTo f t s has a linear relation with tracer transport across the vascular endothelium (PS p product) and an inverse relation with the distribution volume of the tracer in the volume of interest. In such a case, the slope of the line in Fig. 5 equals the apparent vascular permeability (P) divided by the distribution volume of the tracer per voxel (V d)' The use of the term "apparent vascular permeability" is pref erable because Gd-DTPA uptake rates were obtained from homogeneously and heterogeneously perfused vox els. In heterogeneously perfused voxels, the tracer may have arrived simultaneously from nearby capillaries and by diffusion through the extracellular volume from more distant perfused microvessels, which overestimates the vascular permeability. The distribution volume (V d) of Gd-DTPA in perfused voxels was approximately 25 ± 1.5% and equals the extracellular volume corrected for the vascular volume, which varied from 1.5% to 2.4%.
J Cereb Blood Flow Metab. Vol. 20, No. 5, 2000 Consequently, the cellular volume fraction is close to 73%, which is comparable to mean values found by Donahue and colleagues (1995) in a mammary adeno carcinoma model. Using the estimated Vd value and the slope of the line in Fig. 5 , the apparent microvessel per meability (P) in voxel categories P and PH can be cal culated as 6 x 10-5 cm/sec.
The vascular permeability or the PS p product for Gd DTPA was measured previously in gliomas growing in the rat brain (Kenney et aI., 1992; Schmiedl et aI., 1992) . However, the values found in these studies cannot be compared directly to estimates of the vascular perme ability or PS p product in the present study because the PS p product was estimated using a simple graphic method by Patlak and associates (1983) . The latter method assumes that the ret1ux of Gd-DTPA from the tumor interstitium back into the microvessels can be ne glected (unidirectional two-compartment model). How ever, in our study, CT(t) curves were not linear, which means that the ret1ux of Gd-DTPA from the tumor in terstitium back into the microvessels should be taken into account (Larsson et aI., 1990; Tofts and Kermode, 1991) . In studies on the quantitation of BBB permeability in patients with multiple sclerosis lesions using a compa rable MR method and pharmacokinetic model as in this study, permeability constants in the range of 0.4 to 1.7 x ]OS cm/sec were found (Tofts and Kermode, 1991) . These values are smaller than our estimates of the BBB permeability in 9L-gliomas, which may be explained by differences in pathology and disruption of the BBB.
The linear relation between Gd-DTPA uptake rates and the perfused vascular surface area indicates that Gd- PSp-product (cm3. 5-1)
FIG. 6. Surface plot of correlations between the permeability sur face area product (PSp product, x-axis), tumor blood perfusion (TBP, y-axis), and Gd-DTPA uptake rate constants (kLars30n' z axis) using the definition of the rate constant k as proposed by Larsson and associates (1990) : kLarsson = E·TBPIV d' The distri bution volume (V d) of the tracer in the extracellular volume of perfused voxels (1 mm3) was 25% in these simulations. The range of k values is comparable to the range in Fig. 5 . DTP A uptake rates are not affected by variations in TBP. It would be of interest to know which range of TBP values could affect this linear relation. For that purpose, the relations between Gd-DTPA uptake rates, PS p prod uct, and TBP are simulated using the single-capillary model of Larsson and colleagues (1990) . Estimates of the vascular permeability in this paper and the tracer distri bution volume in voxels of vital tumor regions permit simulations of these relations (Fig. 6 ). In these simula tions, TBP varied from zero to four times the maximum PS p product found in this study (i.e., product of the ap parent vascular permeability and the maximum S p value). In addition, information on the range of kLarsson values was used because kLarsson values larger than 0.021 sec-] were not detected in perfused voxels. Fig. 6 shows that the relation between k L arsson and the PS p product slowly becomes linear when TBP exceeds the PS p prod uct. Hence, the linear relation between k L arsson and S p can be explained only when TBP is larger than the PS p prod uct in the different voxels (diffusion-limited Gd-DTPA uptake). This is true for TBP values of more than 1.5 x 10-5 cm 3 /sec (see Fig. 6 ). The relation between kLarsson values and S p would have been exponential in Fig. 6 , when the PS p product becomes larger than TBP (perfu sion-limited Gd-DTPA uptake).
If Gd-DTPA uptake rates in voxels with perfused mi crovessels are governed by the perfused vascular surface area or indirectly by the perfused vascular density, then quantification of these Gd-DTPA uptake rate constants may help to monitor noninvasively the effect of an an tiangiogenic therapy (Brasch et aI., 1997; Pass et aI., 1997) . The latter therapy should not decrease the TBP in such a way that it becomes equal to or less than the PS p product, but it should affect only the number of perfused microvessels or vascular surface area. Further, the early enhancement of Gd-DTPA in CT maps was found to correlate spatially with the perfused micro vessel distri bution. This information may be used in the prediction phase before radiation therapy or chemotherapy because both treatments depend on the delivery of oxygen and drugs by means of functional microvessels. Areas that are enhanced on CT maps are more sensitive to radiation therapy or chemotherapy than nonenhanced areas, which depend on a less efficient supply of drugs and oxygen by diffusion.
In conclusion, in whole-tumor sections through the center of 9L-glioma in the rat brain, a spatial correlation was found between the apparent Gd-DTPA concentra tion and the two-dimensional distribution of perfused microvessels. In voxels containing perfused microves sels, the Gd-DTPA uptake rates were linearly related to the perfused microvessel density and vascular surface area. Now that Gd-DTPA uptake rates can be related to these parameters of the functional neovasculature, they can be used more efficiently as a prognostic tool before or during therapy.
